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" lNTRODUCﬂON

. .A,j;n:lethods1 -5 and Monte Carlo srmulatnons6 have been applied to this problem.

The accumulatxon of ions near a charged electrode, resulting in a so-called electrical

double layer, has been the subject of considerable recent interest. Both integral equation

The classrcal theory of the electnc double layer is the Porsson-Boltzmann theory of .

.; Gouy-Chapman (MGC) theory In the MGC theory, the hard-core mteract:ons among the

";1ons are neglected but the ‘hard-core interaction of an ion wrth the electrode is not
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. The GC theory was originally applied to symmetric ions.”'3 "ihe extension to 2-1 and

.. 1-2 electrolytes was obtained by Grahame.? Recently, Valleau and Torrie!© have applied
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the MGC theory ions which are symmetric in charge and asymmetric in diameter. In this

note, we apply the MGC theory to ions which are asymmetric in both diameter and charge.




e ot kK S s

'l'HEORY

The startmg pomt of the GC is the one-dimensional Pomon-Boltzmann equation

due B '
= 2T S zp, exp {Bzep(x)}, - (1)

B
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magmtude of the e”lgctromc charge. zja and pl are the valence (mcludmg the sign) and
v ST el ('. e !if-?."»‘,é':‘ g é’q&a > : “

uml}er densxty of ions of species i, B-l/kT kis the‘Bo

v2 .
81rkT 2 pl exp {lee¢(x)} + A] G- L

:However, results n closed form have been obtamed only for m=0, 1 and 2 with elther all .

- the z; equal (symmetnc charge) or with z=1 and z,m2, or equivalently, 2132 and zp=1.

Therefore, we restrict ourselves to n-n, 1-2 and 2-1 binary solutions.

—

The geometry of a general binary system is shown in Fig. 1. There are three regions
to consider: 0<x<0,/2, 0,/25x50,/2 and x=0,/2, where 0 <0, and o, are the
) diame_ters of the two species of ions. In these three regions, there are, respectively, no ions

present, only ions of one species, or both species of ions.




In the first region (m=0), 0<x<0,/2 and integrating Eq. (2) we get

¢(x) = ¢(0) + 1¢'(0) .

- e

where ¢ (0) is the denvatnve of ¢(x) at the electrode. In the second region (m=1),

~q1/25x502/2.

where y% - ,,81rk’rp1/ c. Integratmg gives

_"; S

_-5_[( l+B'exp{..'lee¢(x)} )2_ l]}
: i, yi L 1-B expi~pBz,e4(x)}
leew) =

e s T e

* .- 1.~v [Bze'#‘(x) ] [Bze¢(az/ 2)] .
) —_— For the unsymmet'l::clgz 1 and 1‘2 case, the result is? S che

3 [1+Ce”™ ] 2 _ 1
2 Li_Ce ™ 2
exp [Bed(x)] =
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The constants of mtegratxon are determxned by requiring thnt ¢(x) and ¢ '(x) be

; . contmuous at x-al/2 and 0;/2 and ¢(0) bc equal to the applied potential. In pnnctple, o :

-

analytncal expressuons could be developed for these constants of ‘integration However, in

practxce, we found it convenient to satisfy the boundary conditions by an iterative

: Vo
TN TN S ) "

procedure

™

RESULTS

-—

The potential drop across the double layer (measured from x=0) is plotted in
Figs. 2-5 as a function of the charge density on the electrode. As would be expected at

* large charge densities, the potential dr rop is largely determined by the countenons since the

co-ions are excluded from the vicinity of the electrode. Consequently, the results for‘ T g
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positive charge densities are insensitive to the value of o,/ 0, since, for positive charge

densitiec, the counterion always has the diameter 02-4.25A.

S For negatxve charge densities on the electrode, there is a wider variation in the

potentlal since the counterions now have a variable diameter 01<0,. At large negative

- zero charge on the electrode and a resultmg nonzero potential dxfference across ‘the donble
:;" layer. Thrs has already been noted by Valleau and Tome10 for ions whxch have a Ar‘,:_.,_‘ 3

- symmetnc charge
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The charge profde and concentration profﬂes for a 0.5M solutlon with "1/ az-o \ are

i P

ions is also nonmonotomc at V=0, ‘, . . R -

o . C -

paFr plotted m_Figs 6 and 7 for the case where the potenual drop across the double layer is ~‘}:j g ==
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As is seen from Figs. 8 and 9, erren for the relatively small potential, | V| =0.026 ~

volts, the concentration profiles are rather similar to those for the equal diameter case. At

large potential drops, the concentration profiles near the electrode will approach those of

the symmetric electrolyte whose charge and diameter are equal to those of the counterions.
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CONCLUSIONS

The MGC theory has been applied to electrolyte which are asymmetric in charge and

size. Within the MGC theory, the most interesting results are obtained in the region of

Yo . [
et e e e

nery small potential drop and very small charge density on the electrode because at large

‘ T potentials or charge densities, the co-ions are excluded from the vicinity of the electrode. ' |
1 e

- Consequently, the countenons dommate and the double layer propertxes approach these of

If the ions differ in size, then the smaller ions can penetrate closer to the electrode

than the larger ions. At large charge densities, this effect would be negligible compared to

l
' the coulombrc effects However, this effect is significant at small charge densities. In

.partrcular, charge separation and a nonzero potential can occur even when there is not

e e

Gy o

‘_.—_y{:.fcharge on the electrode.

8

It is conventlonal to mterpret expenmental results in terms of the GC theory in whrch = g
jon dxameters do not appear. As a result noncoulombxc effects }such as specxfnc adsorptron, LT ]
. . - F
. - SRR &
are reqmred to explam such phenomena as a nonzero potentral at zero charge on the RIS

: electrode. It is not ‘necessary to invoke such effects since unequal ion sizes can also give

-——

nse to such phenomena This is not to say that specific adsorptron is not an lmportant -

’ phenomena in double layer studies. However, estimates of the imporiance of specific
adsorption obtained by subtracting equal diameter Gouy-Chapman results from

expenmental studies may well be misleading. \‘; Thexe oxre '5\'3«:.\0\0- C\ Q’Mes
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FIGURE CAPTIONS

Figure 1. Double layer geometry.

- Figure 2 Potential drop across a double layer as a function of the charge density on the

- electrode for the case where zl-l 22--1 e-78 s, T-298K, 02-4 ZSA and 01/0 -1, 0 5

."""' ‘{",J \Q.,« ..'f"-‘;,:t.\

0.05M, respectively.

LA

: }

' "Figure 3. Potential drop across a double layer as a function of the charge density on the

" “electrode for the case where z;=1 and z,=-A. The other parameters have the same values

-

T " as in Fig. 2 and the curves have the same meaning as in this figure.

electrode t'or the case where zy=2 and zy=-1. The other parameters have the same values as

in Fig. 2 and the curves have the same meaning as in this figure.

—
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Figure 5. Potential drop across a double layer as a function of the charge density on the -
electrode for the case where z =2 and zy=-2. The other parameters have the same values as

in Fig. 2 and the curves have the same meaning as in this figure.

Figure 6. Potential profiles for the case where V=0 and where ¢,/0,=0.1 and =2, zp=-1

‘and z;=1, zZy=-2. The concentration is 0.5M. The other parameters have the same values

as in Fig. 2.

and 0.1.- The solrd and broken curves grve the MGC results for concentrations of M and

. PPV o O
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Figure 7. Concentration profiles for the case where V=0 and where 0,/0, =0.1 and Z =2,

Zy=-0.1 and z; =1, zy=-2. The concentration is 0.5M. The other parameters have the same

values as in Fig. 2.

Fxgure 8. Concentratxon profiles for the case where V=0.026 volts and where 0,/0,=0.1

"'andz

R

,-2 Zym-1 and zl-l 22=-2 The concentratlon is 0.05M. The other parameters Tl

: . . Fxgure 9. Concentrauon profiles for the case where V=-0.026 volts and where 6,/0,=0.5

and zla-l zz--2 and z)=2, zg=-1. The concentration is 0.5M. The other parameters bave

. the same values as in Fig. 2.
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